• Normalized difference vegetation index and fractional green canopy cover best estimated wheat grain yield.
given growth stage and yield is not always linear. New tillers may still develop, and wheat may compensate for stand loss by producing more and larger kernels per spike (Lafond, 1994; Porter and Khalilian, 1995) . Rather than relying on a visual stand assessment, producers are encouraged to estimate the yield potential of their winter wheat crop by counting plants or tillers ) before deciding whether a field should be destroyed and planted to corn or soybean. In Illinois, a minimum of 25 to 31 tillers per foot of row by Feekes 6 growth stage is recommended to maximize yield while 9 to 13 plants per foot of row is the minimum suggested population to maintain production (Nafziger, 2009) . In Kentucky, tiller counts are suggested at Feekes 3 growth stage (end of tillering), and 43 to 62 tillers per foot of row is considered sufficient (Lee et al., 2009) . Despite these recommendations, many producers do not count wheat plants or tillers in the spring because the measurement is tedious and time consuming (Ohio Small Grains Marketing Program, unpublished survey, 2015) .
Two alternative methods to evaluate wheat stand include normalized difference vegetation index (NDVI) and fractional green canopy cover (FGCC). Normalized difference vegetation index, calculated using near-infrared (NIR) and red (R) wavelengths, was strongly and consistently correlated with wheat tiller density in the absence of weeds (Flowers et al., 2001; Phillips et al., 2004) . However, NDVI may not be reliable when the leaf area index is greater than 3, which may impact recommendations based on NDVI at Feekes 5 growth stage or later (Serrano et al., 2000) .
Fractional green canopy cover can be used to measure the canopy surface area using automatic pixel classification. Casadesús et al. (2007) found a strong correlation between FGCC and durum wheat biomass and grain yield. Fractional green canopy cover can be calculated using the mobile device application, Canopeo (Oklahoma State University, Stillwater, OK), which automatically classifies pixels as green or not green (Patrignani and Ochsner, 2015) . Canopeo correctly classified 100% and 90% of pixels in images of winter wheat produced under conventional tillage and no-tillage, respectively (Patrignani and Ochsner, 2015) .
In addition to NDVI and FGCC, there are more than 40 other indices that estimate biomass, chlorophyll concentration, and yield of crops, including green normalized difference vegetation index and dark green color index (Bannari et al., 1995; Candiago et al., 2015; Abdelaziz et al., 2018) . However, these other indices may require a multispectral camera and specialized software to process images (Candiago et al., 2015; Patrignani and Ochsner, 2015) . In this study, NDVI and FGCC were selected because of the commercial availability of the GreenSeeker sensor (Trimble Inc., Sunnyvale, CA) for measuring NDVI and the Canopeo application for measuring FGCC. Wheat stand assessment methods have been used independently to estimate wheat grain yield; however, nontraditional stand assessment methods of NDVI and FGCC have not been directly compared to the plant or tiller count measurements in soft red winter wheat. Therefore, the objective of this study was to compare NDVI, FGCC, and stem count measurements at multiple wheat growth stages to estimate soft red winter wheat yield.
Methods Used to Assess Spring Stand of Soft Red Winter Wheat
The study was conducted during the 2015-2016 and 2016-2017 growing seasons at two on-farm locations in Pickaway County, Ohio (39°39′ 7.2′′N, 83°1′37.2′′ W) and Crawford County, Ohio (40°46′ 39.72′′ N, 82°53′ 52.80′′ W) for a total of four site-years. At both locations, the trial was conducted in a different field each year.
The experiment was a randomized complete block design with four replications of treatments. Five seeding rate treatments (0.75, 1.0, 1.5, 2.0, and 2.5 million seeds/acre) were used to mimic a poor to good stand in the spring. At all site-years, the wheat variety 'Pioneer 25R40' was used, and the previous crop was soybean. Prior to planting, the Crawford County location was vertically tilled while the Pickaway County location was prepared by discing. Fall nitrogen application ranged from 18 to 35 lb N/acre, depending on the site-year, and 90-104 lb N/acre was applied in the spring. Herbicides, fungicides, and insecticides were applied as needed to minimize the effect of weeds, diseases, and insects. Plots were 5.5 ft wide and 19 to 34 ft long, depending on the site-year. Plots were planted with a custom-made planter, equipped with a Great Plains 20 series row unit, a Singulator-Plus precision seed meter, and high-rate wheat seed discs. Wheat was planted in a 7.5-inch row width. Plots were harvested with a Wintersteiger combine, equipped with a high-capacity grain gauge (Wintersteiger, Salt Lake City, UT). Grain yield was standardized to 13.5% moisture concentration. Wheat stems (main stem + tillers) were counted at Feekes 1, 5, and 6 growth stages from three arbitrarily selected linear feet of row within each plot. At Feekes 5 and later, additional tillers developed are not expected to impact grain yield; however, producers still have time to plant an alternative crop (Lindsey et al., 2017) . All stems were counted regardless of height or leaf number. Normalized difference vegetation index measurements were taken at Feekes 5 and 6 growth stage with a Greenseeker handheld crop sensor. The sensor was held parallel to the ground at a height of 3 ft above the soil surface and measured the average NDVI for the entire length of the plot at a width of 34 inches. Fractional green canopy cover was measured using the mobile device application, Canopeo, at Feekes 5 and 6 growth stages at two heights to capture one row of wheat (12-inch length of row) or three rows of wheat (camera height and length of row varied based on canopy height). One picture was collected per plot at each of the two camera heights.
Data were analyzed using SAS 9.3 (SAS Institute, Cary, NC). Analysis of variance was conducted to evaluate the effect of seeding rate on NDVI and FGCC using Proc Mixed. Seeding rate treatment was considered a fixed effect. Location and replication were treated as random effects. Means were separated with the LSD at α = 0.05. Proc Corr was used to determine Pearson's correlation coefficient for NDVI, FGCC, and stem count measurements collected at the various growth stages. Linear and quadratic regression analyses were performed using Proc Reg to examine the relationship among NDVI, FGCC, and stem count measurements collected at the various growth stages and yield. Significance was determined at α = 0.05.
Correlation between Stem Counts, NDVI, and FGCC
The wheat seeding rate treatment significantly influenced NDVI measured at Feekes 5 growth stage, FGCC measured from three rows of wheat at Feekes 5 growth stage, and FGCC measured from one row of wheat at Feekes 6 growth stage (data not shown). Normalized difference vegetative index and FGCC tended to be similar for seeding rates of 1.0 to 2.5 million seeds/acre. The lowest seeding rate, 0.75 million seeds/acre, resulted in significantly lower NDVI and FGCC values compared with rates of 1.0 million seeds/acre and greater.
The correlation among stem counts, NDVI, and FGCC measurements collected at three growth stages is shown in Table 1 . Stem count measurements were correlated with most of the NDVI and FGCC measurements, but Pearson correlation coefficient values were lower compared with the correlation between NDVI and FGCC measurements. Many of the correlations between NDVI and FGCC were high (r ≥ 0.70). At Feekes 5 growth stage, NDVI had a high correlation with FGCC measured at Feekes 5 growth stage from three rows of wheat (r = 0.87, p < 0.01), NDVI measured at Feekes 6 growth stage (r = 0.75, p < 0.01), and FGCC measured at Feekes 6 growth stage from three rows of wheat (r = 0.70, p < 0.01). At Feekes 6 growth stage, NDVI had a high correlation with FGCC measured at Feekes 5 growth stage from three rows of wheat (r = 0.73, p < 0.01) and FGCC measured at Feekes 6 growth stage from three rows of wheat (r = 0.95, p < 0.01). Additionally, FGCC collected from three rows of wheat at Feekes 5 and 6 growth stage had a high correlation (r = 0.74, p < 0.01). Carlson and Ripley (1997) found NDVI to be sensitive to changes in FGCC until full canopy closure was reached (Carlson and Ripley, 1997) . In wheat, Table 1 . Pearson correlation coefficients (r) for each stand evaluation method and timing. 0.52 p < 0.01 † NDVI, normalized difference vegetative index. ‡ FGCC, fractional green canopy cover. § One row of wheat (12 inches in length) captured in the image using the mobile device application, Canopeo. ¶ Three rows of wheat captured in the image using the mobile device application, Canopeo.
NDVI and FGCC processed using digital images have been found to have a high correlation at Feekes 4 and 5 growth stages (r = 0.81 to 0.87) (Lukina et al., 1999) .
Comparison of Wheat Stand Assessment Methods
The regression model that accounted for the most variability in yield (highest R 2 value) for each assessment method and timing is shown in Table 2 . Normalized difference vegetation index and FGCC (three rows of wheat captured in the image) at Feekes 5 growth stage accounted for the most variability in yield, with R 2 values of 0.49 and 0.45, respectively. Although other studies have found NDVI to reliably estimate tiller density, calibration may be needed by soil type (Phillips et al., 2004) . Furthermore, in this study, one wheat cultivar was evaluated, and NDVI values may vary among cultivars, requiring additional calibrations (Samborski et al., 2015) .
While FGCC accounted for slightly less of the variability in wheat yield compared with NDVI, it is a more cost-effective method as Canopeo is currently free to download. Furthermore, in Canopeo, pixels are classified as green or not green (Patrignani and Ochsner, 2015) , which may eliminate the need to calibrate FGCC based on soil type or cultivar. Other studies have found FGCC measured using Canopeo to correlate with sorghum height, which is related to plant biomass (Chung et al., 2017) and cover crop canopy closure (Büchi et al., 2018) . The traditional assessment method of stem counts accounted for 29% of the variability in yield. Stem count measurements likely accounted for less of the variability in yield due to experimental error and difficulties associated with counting stems at a high plant density.
Measurements at the Feekes 6 growth stage had R 2 values of 0.26, 0.28, and 0.27 for stem counts, NDVI, and FGCC (three rows of wheat captured in the image), respectively (Table 2) . Normalized difference vegetation index and leaf are asymptotically related where increases in leaf area index over 3 results in only small increases in NDVI (Carlson and Ripley, 1997) . At Feekes 6 growth stage, leaf area index was likely greater than 3 (Ulaby et al., 1984) , which may explain the low R 2 values at Feekes 6 growth stage compared with Feekes 5 growth stage.
Furthermore, in our trials, spring N application often occurred between Feekes 5 and 6 growth stage, which also increases leaf area index and greenness of plants (Nielsen and Halvorson, 1991) .
At the Feekes 5 and 6 growth stages, FGCC capturing three rows of wheat in the image accounted for more variability in yield compared with FGCC capturing one row of wheat in the image. Determining FGCC for a larger area of the wheat stand likely improved the relationship between FGCC and yield. Furthermore, developers of Canopeo noted that the camera should be held at a height of approximately 2 ft above the crop canopy (Patrignani and Ochsner, 2015) .
Management Implications
Estimates of wheat grain yield using stem count, NDVI, and FGCC (capturing three rows of wheat in the image) measurements at Feekes 5 are shown in Table 3 . In our research trials, wheat grain yield ranged from 82 to 131 bu/acre, and regression analyses should not be extrapolated beyond that range. Due to the quadratic relationship between stem count measurements and grain yield, there was no increase in grain yield at stem counts greater than 100 stems/ft of row. However, grain yield increased linearly with increasing NDVI and FGCC.
Although NDVI and FGCC are alternative methods to evaluate a winter wheat stand, it is important to note that our trials were under weed-free conditions. Using a hand-held sensor to measure NDVI and mobile device application to measure FGCC, wheat plants and weeds cannot be distinguished and will influence results (Scotford and Miller, 2005) . In fields with weeds, stem count measurements should be conducted. Normalized difference vegetation index and FGCC (capturing three rows of wheat in the image) measurements accounted for the most variability in yield. However, these measurements are time sensitive and should be conducted at Feekes 5 growth stage. At Feekes 5 growth stage (generally early to mid-April in Ohio), any additional tillers should not significantly contribute to grain yield; however, there is still time to terminate the wheat crop and plant an alternative crop if wheat grain yield potential is low (Lindsey et al., 2017) . 
